Mitochondria play key roles in essential cellular functions, such as energy production, metabolic pathways and aging. Growth factormediated expression of the mitochondrial OXPHOS (oxidative phosphorylation) complex proteins has been proposed to play a fundamental role in metabolic homoeostasis. Although protein translation is affected by general RNA-binding proteins, very little is known about the mechanism involved in mitochondrial OXPHOS protein translation. In the present study, serum stimulation induced nuclear-encoded OXPHOS protein expression, such as NDUFA9 [NADH dehydrogenase (ubiquinone) 1α subcomplex, 9, 39 kDa], NDUFB8 [NADH dehydrogenase (ubiquinone) 1β subcomplex, 8, 19 kDa], SDHB [succinate dehydrogenase complex, subunit B, iron sulfur (Ip)] and UQCRFS1 (ubiquinolcytochrome c reductase, Rieske iron-sulfur polypeptide 1), and mitochondrial ATP production, in a translation-dependent manner. We also observed that the major ribonucleoprotein YB-1 (Y-box-binding protein-1) preferentially bound to these OXPHOS mRNAs and regulated the recruitment of mRNAs from inactive mRNPs (messenger ribonucleoprotein particles) to active polysomes. YB-1 depletion led to up-regulation of mitochondrial function through induction of OXPHOS protein translation from inactive mRNP release. In contrast, YB-1 overexpression suppressed the translation of these OXPHOS mRNAs through reduced polysome formation, suggesting that YB-1 regulated the translation of mitochondrial OXPHOS mRNAs through mRNA binding. Taken together, our findings suggest that YB-1 is a critical factor for translation that may control OXPHOS activity.
INTRODUCTION
Mitochondria are essential organelles that are present in virtually all eukaryotic cells and have fundamental functions in energy production and other metabolic pathways. The primary function of mitochondria is ATP production via the OXPHOS (oxidative phosphorylation) pathway, which is subject to complex regulation, including short-term modulations that are essential for responding to transient changes in nutritional availability and energy requirements.
The mitochondrial genome does not possess a complete set of genes for assembly of the organelle. The circular 16.5 kb human mtDNA (mitochondrial DNA) molecule encodes two rRNAs, 22 tRNAs and 13 proteins that are members of the respiratory chain [1, 2] . Most of the mitochondrial proteins are encoded in the nucleus and need to be imported into the organelle. After the proteins are fully synthesized in the cytosol, various assays have led to the widely accepted notion that import may occur post-translationally [3] . For the majority of the matrix proteins, mitochondrial transfer involves a specific N-terminal extension of the proteins that interacts with specific mitochondrial receptors [4] . Some of the cytosolic ribosomes were found to be bound to mitochondria [5] , suggesting that these mitochondriabound ribosomes are engaged in the synthesis of mitochondrial proteins and facilitate their transport into mitochondria, in accordance with a co-translational model [6] .
The mitochondrial respiratory chain consists of five complexes, comprising more than 90 structural proteins [7] . Since only 13 proteins are encoded by mtDNA, almost 80 additional proteins are derived from the nuclear genome. Thus, to build the active OXPHOS complex, these additional proteins encoded by the nuclear genome are synthesized on cytosolic ribosomes, imported into the mitochondrial inner membrane and assembled with the mtDNA-encoded proteins.
Gene expression is regulated at both the transcriptional and translational levels in response to various conditions, but less is known about translational regulation compared with transcriptional regulation. A number of mRNA-binding proteins participate in translational regulation [8, 9] , and among these translational regulators, YB-1 (Y-box-binding protein-1) is a unique multifunctional protein that can regulate gene expression in both transcriptional and translational manners [10, 11] . In both germinal and somatic cells, YB-1 is a major component of translationally inactive mRNPs (messenger ribonucleoprotein particles) and is mainly responsible for storage of mRNAs in a silent state.
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recognition of RNAs [10, 12, 13] . YB-1 associates with mRNA in polysomes or free mRNPs, depending on the molar ratio of YB-1 to its target mRNA, and functions as either an activator or inhibitor of translation [14, 15] . Consistent with its essential biological functions, targeted disruption of YB-1 in mice causes severe developmental defects and embryonic lethality [16, 17] . It has also been reported that YB-1 binds to the capped 5 -termini of mRNAs encoding proteins that are associated with cell growth and oncogenesis, and that Akt regulates this inhibitory effect on translation [18] [19] [20] . Specifically, Akt directly phosphorylates human YB-1 at Ser 102 , which reduces the ability of YB-1 to bind to the cap of mRNAs and inhibit cap-dependent translation, and therefore induces the translation of silent mRNA species.
Protein synthesis is up-regulated in response to various signals, including growth factors, serum stimulation, hormones and cytokines, and is accompanied by the recruitment of translationally inactive mRNAs into polysomes [21] . The mitochondrial OXPHOS function is regulated by IGF (insulin-like growth factor) signalling, and up-regulation of respiration seems to require PI3K (phosphoinositide 3-kinase)/Akt signalling, suggesting that translational control is involved in this pathway and is implicated in controlling the rate of metabolism [22] .
Therefore it is interesting to investigate the mechanism responsible for YB-1 after serum stimulation. First, we examined whether YB-1 similarly serves a mitochondrial OXPHOS function. It would be important to examine how YB-1 regulates translation in response to growth factors and how YB-1 depletion or overexpression regulated activation or inactivation of mRNA translation and maintained protein synthesis after serum-induced OXPHOS activity. These findings suggested that many of the YB-1-associated mRNAs encoded OXPHOS proteins, raising the possibility that serum-mediated YB-1 phosphorylation could, in part, increase the production of proteins regulating OXPHOS activity.
EXPERIMENTAL

Cell culture
Human cervical cancer HeLa cells were cultured in DMEM (Dulbecco's modified Eagle's medium) (Sigma) supplemented with 10 % (v/v) heat-inactivated FBS (fetal bovine serum; MP Biomedicals). The cells were incubated at 37
• C in a humidified atmosphere comprising 95 % air/5 % CO 2 .
Immunoblot analysis
HeLa cells were lysed with TNE buffer (50 mM Tris/HCl, pH 7.5, 1 mM EDTA, 150 mM NaCl and 0.5 % Nonidet P40) and total lysates (10 μg) were subjected to immunoblot analysis as described previously [23] 5 HeLa cells in 2 ml of culture medium were combined and incubated for 5 min at room temperature. The cells were seeded in six-well dishes with 2 ml of culture medium and subjected to a variety of analyses at 72 h.
Expression of YB-1 in HeLa Tet-on cells
A cDNA of YB-1 was amplified from a human placenta cDNA library by PCR using the primer set 5 -CAGGATCCATGAG-CAGCGAGGCCGAGA-3 and 5 -GAGCGGCCGCAACTCAG-CCCCGCCCTGCTCAG-3 , which added BamHI and NotI sites to the 5 termini respectively. The PCR product was digested with BamHI and NotI. After a DNA fragment encoding an HA (haemagglutinin) tag and a pcDNA5/FRT/TO vector (Invitrogen) were digested with XhoI and ApaI and then ligated, the DNA fragment encoding YB-1 was ligated into the vector digested with BamHI and NotI. The resulting vector was designated pYB1-HA. We transfected HeLa/FRP/Tet-on cells with the pYB1-HA vector and selected cells bearing the transgene in the presence of hygromycin B (200 μg/ml) as described previously [24] . The expression of YB-1-HA was induced by doxycycline addition (100 μg/ml).
Immunoprecipitation using anti-HA antibodies
Immunoprecipitation was carried out using a previously described procedure [17] . Briefly, HeLa cell lysates induced by doxycycline were pre-cleared with recombinant Protein G-agarose (Invitrogen) for 30 min at 4
• C, followed by binding to anti-HA agarose beads (Sigma) for 2 h at 4
• C. The complexes were pulled down and washed five times with 1 ml of TNE buffer. The immunoprecipitated proteins were eluted with SDS sample buffer. RNA was extracted from the beads with an RNAeasy kit (Qiagen).
Quantification of RNA
Total RNA was extracted from HeLa cells and sucrose density gradient fractions using the RNAeasy kit. RT (reverse transcription) of 500 ng of the total RNA was performed with SuperScript III RT (Invitrogen) according to the manufacturer's instructions. The RT reaction mixtures were diluted 1:5 with water. The expression levels of nuclear-encoded mitochondrial genes were detected by quantitative PCR with a thermal cycler (StepOne plus, Invitrogen). The primer list is shown in Supplementary Table S1 (at http://www.BiochemJ.org/bj/ 443/bj4430573add.htm).
Sucrose gradient analysis
Cell lysates were prepared from HeLa cells treated with YB-1 or control siRNAs for 72 h, or YB-1-HA was induced by doxycycline. The HeLa cells were solubilized in a detergent solution (0.1 % SDS and 1.6 % Triton X-100). The post-nuclear Glycolytic ATP was calculated by subtracting the 2-DG-treated value from the untreated value, as total cellular ATP. Mitochondrial ATP was calculated by subtracting the 2-DG and oligomycin-treated value from the 2-DG-treated value. The results shown were obtained from three independent experiments and are means + − S.D. *P < 0.05 and **P < 0.01 by Student's t test.
supernatant was loaded on a 15-45 % (w/v) sucrose density gradient in 10 mM Tris/HCl, pH 7.2, containing 150 mM NaCl, and centrifuged at 33 000 rev./min for 3 h at 4
• C using a swinging bucket SW 41 Ti rotor (Beckman Coulter). After separation through the 15-45 % (w/v) sucrose gradient, the resulting fractions were precipitated with 10 % (v/v) trichloroacetic acid and washed in acetone, and the entire fractions were resolved by SDS/PAGE. For mRNA quantification, RNA was extracted from 40 μl aliquots of the fractions and assayed by qRT-PCR (quantitative RT-PCR).
ATP quantification
Cellular ATP was quantified using a CellTiter-Glo Luminescent Cell Viability Assay (Promega) according to the manufacturer's instructions. HeLa cells plated at equal densities were treated with 20 mM 2-DG (2-deoxy-Dglucose) and 5 mM pyruvate for 5 h. This allowed for inhibition of glycolysis while the cells were provided with the substrates necessary to generate ATP from mitochondrial metabolism. For the last 1 h, oligomycin was added to stop ATP production from complex V. The cells were lysed in passive lysis buffer (Promega) and evaluated using a chemiluminescence plate reader (ARVO 1420, Wallac). The values were normalized to the protein amounts in each lysate, and fell in the linear range of the assay as determined by a standard curve. Cellular ATP was assessed by splitting into glycolytic ATP and mitochondrial ATP. Glycolytic ATP was calculated by subtracting the 2-DG-treated value from the untreated value as total cellular ATP. Mitochondrial ATP was calculated by subtracting the 2-DG and oligomycin-treated value from the 2-DG-treated value. 
Oxygen consumption assay
Oxygen consumption was measured as described previously [25] . HeLa cells were trypsinized, washed twice with PBS and permeabilized with respiration buffer [20 mM Hepes/KOH, pH 7.1, 2 mM potassium phosphate, 250 mM sucrose, 10 mM MgCl 2 , 1 mM ADP and 1 % (v/v) digitonin]. The permeabilized cells were placed in the reaction chamber of a Clark-type electrode (Hansatech), and the oxygen concentrations were measured in a 1 ml volume at 37
• C with substrates and inhibitors according to standard protocols [26] . After addition of 5 mM glutamate and 5 mM malate, the oxygen concentration was monitored for 3 min before the reaction was inhibited by addition of 100 nM rotenone. After addition of 5 mM G3P (glycerol 3-phosphate) and 5 mM succinate, the oxygen concentration was monitored for 3 min before the reaction was inhibited by addition of 10 nM antimycin A.
RESULTS
Serum stimulation up-regulates nuclear-encoded mitochondrial proteins and mitochondrial ATP
Growth stimuli up-regulate mitochondrial functions, such as ATP production and oxygen consumption, by increasing protein expression [22] . To investigate whether serum stimulation regulates ATP production through transcription or translation, we examined the changes of OXPHOS proteins in response to serum stimulation by immunoblotting. HeLa cells were cultured in serum-free medium for 21 h and later stimulated by 20 % (v/v) FBS for 3 h. After the stimulation, the expression levels of NDUFA9, NDUFB8, SDHB and UQCRFS1 proteins were increased by approximately 30 %, whereas SDHA and ATP5A1 protein expression levels showed no change ( Figures 1A and 1B) . To confirm that the mRNA levels were not induced after serum stimulation, we performed qRT-PCR analyses on RNA isolated after serum stimulation. Unlike the protein levels, serum stimulation had little effect on the mRNA expression levels ( Figure 1C) .
Next, we examined whether serum stimulation affected ATP synthesis. The ATP levels were assessed by splitting into glycolytic and mitochondrial ATP production after 4 h of serum stimulation ( Figure 1D ). The serum stimulation significantly elevated only mitochondrial ATP, suggesting that serum stimulation up-regulates mitochondrial ATP production.
Serum stimulation regulates the expression of nuclear-encoded mitochondrial proteins in a translation-dependent manner
To assess whether the changes in response to serum stimulation are mediated by translational or transcriptional regulation, we added CHX (cycloheximide), a translational inhibitor, or ActD (actinomycin D), a transcriptional inhibitor, 30 min before adding serum and investigated the changes in protein expression. The increased expression levels of NDUFA9, NDUFB8 and SDHB to serum stimulation were completely suppressed by CHX treatment, but largely unaffected by ActD treatment (Figures 2A  and 2B ). The expression levels of SDHA and ATP5A1, which showed no change in response to serum stimulation, were also unaltered by CHX or ActD treatment. These findings suggest that serum stimulation regulates the expression of nuclear-encoded OXPHOS proteins in a translation-dependent manner.
To determine whether ATP production in response to serum stimulation depends on translation, CHX was added 30 min before adding serum, similar to the experiments for the protein expression. Mitochondrial ATP production was increased 2-fold in response to serum stimulation in untreated cells, whereas CHX treatment suppressed the elevation after stimulation by 50 % ( Figure 2C ). These observations suggest that ATP production in response to serum stimulation mediates the increases in the nuclear-encoded OXPHOS proteins by translational regulation.
YB-1 associates with nuclear-encoded mitochondrial mRNAs
Previously, YB-1 was reported to associate with mRNA in polysomes or free mRNPs, and to act as either a translational activator or inhibitor, depending on the amount bound to target mRNA [14, 15] . Therefore we hypothesized that YB-1 binds to the nuclear-encoded OXPHOS mRNAs and regulates their translation. To assess whether YB-1 associated with the nuclearencoded OXPHOS mRNAs, RNA immunoprecipitation assays were performed in HeLa cells. We produced stable cell lines expressing recombinant full-length YB-1 with a C-terminal HA tag (YB-1-HA) upon induction by addition of doxycycline. The recombinant YB-1-HA was only observed in cells with added doxycycline for 48 h ( Figure 3A ). After immunoprecipitation with anti-HA antibodies from doxycycline-induced or non-induced cells, the proteins and RNAs were purified from immunoprecipitates. The precipitated RNAs and total RNAs were subjected to qRT-PCR ( Figure 3B ) and we compared the relative amount of immunoprecipitated mRNAs with their relative total amount in the cell. The ratio of mRNA immunoprecipitated compared with total RNA in the cell ranged 4-fold between NDUFB2 and NDUFS7 mRNA. We separated two mRNA groups with high or weak association with YB-1 protein. NDUFA9 and SDHB mRNAs, whose translation was regulated by serum stimulation, were included in the high YB-1-associated group, whereas SDHA and ATP5A1 mRNAs, which translation was not regulated by serum stimulation, were included in the weak YB-1-associated group. These findings suggested that high YB-1-associated mRNAs such as NDUFA9 and SDHB were regulated at the translational level after serum stimulation, and that YB-1 is a key mediator for serum stimulation-mediated translational activity.
YB-1 regulates the translation of nuclear-encoded mitochondrial mRNAs by its concentration
YB-1 functions as either a translational activator or inhibitor depending on the amount binding to the target mRNA [27] . Therefore we investigated the mitochondrial proteins in HeLa cells after YB-1 depletion or overexpression. YB-1 protein was effectively depleted at 72 h after YB-1 siRNA transfection ( Figure 4A ). The expression levels of NDUFA9, NDUFB8, SDHB and UQCRFS1 proteins were increased by approximately 50 % after YB-1 depletion (Figures 4A and 4B) . However, the expression levels of SDHA and ATP5A1 proteins, whose expression was not regulated by serum stimulation, were not altered after YB-1 depletion. The expression levels of COX2 (cytochrome c oxidase subunit 2), which is encoded by mtDNA, and nuclear protein B23 were not changed after YB-1 depletion. In contrast, YB-1 overexpression resulted in decreased expression levels of NDUFA9, NDUFB8, SDHB and UQCRFS1 proteins ( Figures 4C and 4D ). Thus far, the proteins encoded by mRNAs that tended to associate strongly with YB-1 were affected by the amount of YB-1 (Figures 3, 4B and 4D ). NDUFA9 reacted sensitively to YB-1 depletion, but mildly to YB-1 overexpression. This raises the possibility that NDUFA9 mRNA binds to YB-1 protein sufficiently to inhibit its translation at the steady-state condition. These observations suggest that YB-1 binds to a part of the nuclear-encoded OXPHOS mRNAs and regulates their expression at the translational level.
YB-1 regulates the recruitment of mRNAs from mRNPs to polysomes
It has been suggested that mRNAs exist in the state of translationoff, as mRNPs in the cytoplasm after export from the nucleus [28] . YB-1 is a major component of mRNPs [14] and inhibits protein synthesis at the initiation stage. To examine whether YB-1 regulates the synthesis of the nuclear-encoded OXPHOS proteins at the translation initiation stage, we analysed the sedimentation profiles in a sucrose density gradient. HeLa cells were cultured for 72 h after YB-1 siRNA transfection and the postnuclear supernatant was centrifuged on a 15-45 % (w/v) sucrose gradient. Immunoblotting analysis showed that YB-1 protein was contained in all fractions in control siRNA-transfected cells, but was hardly detected in YB-1 siRNA-mediated knockdown cells. S6 ribosomal protein was detected in fractions 7-16, with the majority in fractions 10-12 ( Figure 5A ). Phosphorylated eIF (eukaryotic initiation factor)-4E, as a translation initiation complex marker, was mainly found in fractions 7-9 ( Figure 5A ). However, the distributions of S6 ribosomal protein and phosphoeIF-4E showed no change after YB-1 depletion. qRT-PCR analysis showed that 18S rRNA was contained in fractions 7-16, mostly similar to S6 protein, and 28S rRNA was distributed in fractions 9-16 ( Figure 5B ). The rRNA distributions showed no change after YB-1 depletion, similar to the ribosomal proteins. We defined the mRNAs in fractions 5-8 as translationally inactive mRNAs and those in the fractions 12-16 as translationally active mRNAs, as described previously [29] . The ratios of NDUFA9 and SDHB mRNAs in the inactive mRNA fraction were decreased, whereas those in the active mRNA fraction were increased after YB-1 depletion. YB-1 depletion did not change the ratio of inactive and active ATP5A1 mRNA ( Figure 5B ). In contrast with YB-1 depletion, YB-1 overexpression led to increases in NDUFA9 and SDHB mRNAs in fractions 5-8 and decreases in fractions 12-16, indicating that the inactive mRNAs were increased and the active mRNAs were decreased ( Figure 5C ). The distribution of ATP5A1 mRNA was not altered by YB-1 overexpression. In this overexpression experiment ( Figure 5C ) compared with YB-1 depletion (Figure 5B) , we observed the different distribution of mRNA in control points because of different cell lines and different serum conditions. These findings suggest that YB-1 regulates the recruitment of the target mRNAs from mRNPs to polysomes by the quantity of YB-1.
Depletion of YB-1 leads to up-regulation of mitochondrial function
The mitochondrial respiratory chain is formed co-operatively by proteins encoded in the nucleus and mitochondria. The YB-1 siRNA-mediated elevation of the nuclear-encoded OXPHOS proteins may influence mitochondrial functions. First, we measured oxygen consumption using a Clark-type oxygen electrode. We defined oxygen consumption when cells were treated with glutamate and malate as the electron flow at complex I-III-IV and that when succinate and G3P were added to rotenonetreated cells as the electron flow at complex II-III-IV. YB-1 depletion increased the electron flows at both complex I-III-IV and complex II-III-IV by approximately 2-fold ( Figure 6A ). Next, we measured the ATP levels. YB-1 depletion increased mitochondrial ATP by 3-fold, but not glycolytic ATP ( Figure 6B ). These findings suggest that YB-1 controls mitochondrial function by regulating the expression of nuclear-encoded OXPHOS proteins.
YB-1 associates with PABP [poly(A)-binding protein] through mRNAs
YB-1 is phosphorylated by the serine/threonine kinase Akt [20] . We confirmed that YB-1 was phosphorylated at Ser 102 in response to growth stimuli such as IGF-I and 20 % (v/v) FBS. Phosphorylated YB-1 was already detected after 1 h of stimulation ( Figure 7A, lanes 2 and 5) , and then dropped again after 12 h ( Figure 7A, lanes 4 and 7) . These findings suggest that YB-1 becomes transiently phosphorylated and dephosphorylated at Ser 102 . YB-1 is a component of stress granules [30] and P-bodies (processing bodies) [31] . We investigated whether YB-1 interacted with proteins contained in these components. Coimmunoprecipitation assays revealed that YB-1 associated with PABP concentrated in stress granules in the cytoplasm ( Figure 7B ) [28] . The associations were abolished by RNase treatment ( Figure 7B, lanes 5 and 6) , suggesting that YB-1 associated with PABP mRNAs.
Phosphorylated YB-1 disengages from the capped 5 -termini of mRNAs and fails to inhibit their translation [19] . To confirm whether phosphorylated YB-1 was released from mRNAs, we assessed the amount of PABP interacting with YB-1 after serum stimulation, since PABP associated with YB-1 through mRNAs ( Figure 7B) . A co-immunoprecipitation assay revealed that the association between YB-1 and PABP was attenuated after serum stimulation ( Figure 7C, lanes 5 and 6) , suggesting that the amount of PABP bound to mRNA decreases as a result of the increasing amount of YB-1 which competes with PABP for binding to mRNA.
The increases in the nuclear-encoded proteins in response to serum stimulation mediate the translational regulation by YB-1
In the present study, we observed that serum stimulation regulated the expression of nuclear-encoded OXPHOS proteins in a translation-dependent manner (Figure 2 ) and led to phosphorylation of the translational regulator YB-1 ( Figure 7A) , and that YB-1 overexpression suppressed the expression of OXPHOS proteins such as NDUFA9 up-regulated by serum stimulation (Figure 4) . We therefore hypothesized that the translational regulation in response to serum stimulation was mediated by YB-1. We investigated whether the serum stimulation-induced expressions of OXPHOS proteins were suppressed by YB-1 overexpression. NDUFA9 and UQCRFS1 proteins were increased by approximately 30 % in response to serum stimulation in non-overexpressing cells, and YB-1 overexpression cancelled these elevations of expression in response to serum stimulation. On the other hand, SDHA, ATP5A1 and B23 showed no change regardless of the amount of YB-1 ( Figures 8A and 8B ). These findings suggest that overexpressed YB-1 bound to mRNAs excessively and suppressed their translation, such that the reaction to serum stimulation was only attenuated in mRNAs whose translation was regulated by YB-1.
Next, we examined the effects of YB-1 overexpression on the changes in the ATP level in response to serum stimulation. Mitochondrial ATP was increased by approximately 2.7-fold in response to serum stimulation in non-overexpressing cells, and the change was suppressed by 1.7-fold in YB-1-overexpressing cells ( Figure 8C ). It is probable that the mitochondrial ATP production in response to serum stimulation was weakened because of decreased protein expression.
DISCUSSION
We have shown that YB-1 is essential for mitochondrial OXPHOS activity, on the basis of the following evidence: (i) serum stimulation up-regulated nuclear-encoded OXPHOS proteins and mitochondrial ATP production in a translationdependent manner; (ii) YB-1 depletion led to up-regulation of mitochondrial function through induction of OXPHOS protein translation from mRNP release; and (iii) YB-1 overexpression suppressed the translation of these OXPHOS mRNAs because of reduced polysome formation. These findings suggest that the major ribonucleoprotein YB-1 is a critical factor for translation that may control OXPHOS protein translation.
Lithgow et al. [32] suggested that RNA-binding proteins could coat mRNAs in the nucleus, leading to mRNP formation and export to the cytoplasm to ensure translational repression during transport. Directed transport of mRNAs out of the nucleus, following a cytoplasmic pathway to a specified organelle in the cytoplasm, may also contribute to the fidelity of protein targeting observed in all eukaryotic cells [32] . These observations suggested that site-specific mRNA translation may be important for precise control of both the localization and the rate of co-translational protein import into mitochondria. The primary function of mitochondria is ATP production via the OXPHOS pathway and the mtDNA molecule only encodes 13 proteins that are members of the respiratory chain. In the present study, we focused on OXPHOS protein translation, analysed the associations of several cytosolic mRNAs and examined which RNA-binding proteins were involved in translational control under serum stimulation with regard to OXPHOS mRNAs. The transcriptional regulation of nuclear genes encoding mitochondria-localized proteins is certainly important, but it cannot account for the fast adaptive response. A previous study has underscored the importance of a co-translational import process involving a large set of proteins for mitochondrial biogenesis [33] . This process, which relies on the tight translational regulation of localized mRNAs, can rapidly respond to cellular conditions while allowing the possibility of orchestrating complex assembly at discrete foci on the mitochondrial membrane.
YB-1-bound mRNAs were identified using immunoprecipitation microarray analyses and UQCRC1, whose protein is a part of respiratory complex III and is in the list of the top 100 immunoprecipitation-enriched genes [34] . We identified UQCRC1 mRNAs as YB-1-bound mRNAs using immunoprecipitation analyses, suggesting that our immunoprecipitation experiments were reliable. The most substantial mechanism by which YB-1 controls cell growth is via its influence on cytoplasmic translation. In the presence of nutrients, YB-1 not only greatly promotes the production of new ribosomes, but also increases translation from existing ribosomes. However, the issues of whether and how YB-1 regulates mitochondrial translation have not been addressed. YB-1 is a major constituent of translationally inactive mRNPs [35] and is also present in active polysomes [27, 36] . YB-1 appears to exert a concentration-dependent effect on global translation. Low YB-1/mRNA ratios typical for polysomal mRNAs may result in translational stimulation, whereas high ratios are typical for translationally repressed mRNAs [15] and result in translational inhibition by displacement of the translation initiation factor eIF-4G [19, 36] . In the present study, we observed that YB-1 was phosphorylated at Ser 102 after serum stimulation, probably through PI3K, and released from mRNA complexes to active ribosomes to increase translation ( Figure 7) .
The PI3K/Akt signalling pathway leads to the TOR (target of rapamycin) pathway. Although inhibition of the TOR pathway leads to a global decrease in cytoplasmic translation [38] , tor1-null cells exhibit a higher rate of mitochondrial translation and increases in the expressions of several mitochondrial-encoded OXPHOS components [39] . This connection between TOR activity and membrane-linked translation may be an important aspect of mitochondrial import regulation, since many mRNAs encoding mitochondrial proteins are translated by ribosomes present at the external membrane of mitochondria. These observations suggest that mTOR signalling could be a key player in the regulation of the mitochondrial import process and mitochondrial biogenesis. YB-1 is also regulated by the PI3K/Akt/mTOR pathway.
YB-1 may serve as a regulatory signal in processes taking place in P-bodies. YB-1-mRNA complexes can be stored in P-bodies where they are translationally silenced and either degraded or released back in the translating pool [40] . Growth factors increase the translation of nuclear-encoded mitochondrial OXPHOS genes, leading to alterations in P-body-linked YB-1 properties [41] , and may favour the formation of co-translationally active mRNA-YB-1-mitochondria complexes. In the present study, we did not observe that YB-1 was localized in P-bodies in sucrose gradient analyses. This model is speculative; many of the factors involved in this equilibrium remain to be studied, and could therefore control the localization and translation/degradation balance of the target mRNAs. In the present study, we observed that YB-1 regulated the translation of mitochondrial OXPHOS mRNAs through mRNA binding for mitochondrial function.
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